Aberrant translation initiation at non-AUG start codons is associated with multiple cancers and neurodegenerative diseases. Nevertheless, how non-AUG translation may be regulated differently from canonical translation is poorly understood. Here, we used start codon-specific reporters and ribosome profiling to characterize how translation from non-AUG start codons responds to protein synthesis inhibitors in human cells. These analyses surprisingly revealed that translation of multiple non-AUG-encoded reporters and the endogenous GUG-encoded DAP5 (eIF4G2/p97) mRNA is resistant to cycloheximide (CHX), a translation inhibitor that severely slows but does not completely abrogate elongation. Our data suggest that slowly elongating ribosomes can lead to queuing/stacking of scanning preinitiation complexes (PICs), preferentially enhancing recognition of weak non-AUG start codons. Consistent with this model, limiting PIC formation or scanning sensitizes non-AUG translation to CHX. We further found that non-AUG translation is resistant to other inhibitors that target ribosomes within the coding sequence but not those targeting newly initiated ribosomes. Together, these data indicate that ribosome queuing enables mRNAs with poor initiation context-namely, those with non-AUG start codons-to be resistant to pharmacological translation inhibitors at concentrations that robustly inhibit global translation.
Canonical eukaryotic translation follows a scanning model of initiation in which the 7-methylguanosine (m 7 G) cap at the 5 ′ end of the mRNA is first bound by the eIF4F complex, which recruits the 43S preinitiation complex [PIC; comprised of the 40S small ribosomal subunit, eIF2•GTP•Met-tRNA i Met (methionyl-tRNA) ternary complex (TC), eIF1, eIF1A, eIF3, and eIF5]. The resulting 48S PIC then scans 5 ′ to 3 ′ in an ATP-dependent manner (with help from the eIF4A helicase) until the charged initiator Met-tRNA i Met bound by eIF2 base-pairs with an AUG start codon (for reviews, see Hinnebusch 2017; Shirokikh and Preiss 2018) . A number of initiation factors are then displaced to allow for joining of the 60S large ribosomal subunit to form the complete 80S ribosome. Due to its perfect complementarity with the anticodon of tRNA i Met , AUG codons are preferred for initiation, but near-cognate codons-i.e., those that differ from AUG by a single nucleotide, such as CUG, GUG, ACG-can support low levels of initiation (for reviews, see Touriol et al. 2003; Kearse and Wilusz 2017) .
Ribosome profiling has revealed that the use of non-AUG start codons for translation initiation (referred to here as non-AUG translation) is far more frequent in eukaryotic cells than predicted previously (Ingolia et al. 2009 (Ingolia et al. , 2011 . Moreover, proteins produced from non-AUG translation can have critical biological functions, especially in cancer and neurodegenerative diseases (for review, see Kearse and Wilusz 2017) . For example, fibroblast growth factor 2 (FGF2) translation can be initiated from a canonical AUG start codon or from one of four upstream in-frame CUG codons (Bugler et al. 1991; Arnaud et al. 1999) . Interestingly, the CUG-encoded FGF2 isoforms are uniquely observed in transformed cells, and their ectopic expression is sufficient to cause cell immortalization in culture and increased tumorigenic phenotypes in mice (Couderc et al. 1991; Quarto et al. 1991) . The oncoprotein c-myc can likewise be synthesized from different start codons: c-myc 2 (p64) is generated from a canonical AUG start codon, whereas c-myc 1 (p67) is made from an upstream in-frame CUG codon (Hann et al. 1992) . Overexpression of the CUG-encoded c-myc 1 isoform (but not the AUG-encoded c-myc 2 isoform) inhibits growth of cultured cells (Hann 1994) , and inactivation of c-myc 1 is observed in some tumors, including human Burkitt's lymphomas (Hann et al. 1988) . Recently, translation of upstream ORFs (uORFs) from non-AUG codons on oncoprotein-encoding mRNAs has been shown to promote expression of the downstream ORFs and drive initiation of squamous cell carcinomas (Sendoel et al. 2017) .
Aberrant non-AUG translation has further been associated with at least seven neurodegenerative diseases that are caused by nucleotide repeat expansions, including the fragile X disorders, Huntington's disease, and amyotrophic lateral sclerosis (ALS) (for reviews, see Green et al. 2016; Cleary and Ranum 2017) . In repeat-associated non-AUG (RAN) translation, non-AUG start codons upstream of the expanded repeat are used to initiate translation in multiple reading frames, resulting in the synthesis of toxic homopolymeric proteins from the expanded nucleotide repeat itself. Recent work indicates that RAN translation primarily uses a cap-and scanning-dependent initiation mechanism (Kearse et al. 2016; Green et al. 2017; Tabet et al. 2018) , although cap-independent mechanisms may also play a role in some cases (Cheng et al. 2018) .
Start codon selection is regulated by nearly all of the canonical initiation factors (eIFs), including eIF1, eIF2, and eIF5 (for review, see Hinnebusch 2017) . At most non-AUG start codons, it appears that Met-tRNA i Met is used for initiation due to the high specificity of eIF2; other tRNAs are rarely loaded by eIF2 into the P site of the small ribosomal subunit (Peabody 1989; Kolitz and Lorsch 2010; Sellier et al. 2017) . Nevertheless, alternative factors that control initiation from some non-AUG start codons have been identified, including eIF2A and eIF2D, but they remain poorly understood. eIF2A can use Leu-tRNA CUG for initiation at CUG codons (Komar et al. 2005; Kim et al. 2011; Starck et al. 2012) , whereas eIF2D (sometimes referred to as ligatin [LGTN] ) can regulate non-AUG initiation in a somewhat selective manner in vitro (Dmitriev et al. 2010; Skabkin et al. 2010) . Given that start codon selection patterns change with cellular state (especially in human diseases), targeting non-AUG translation may be a promising therapeutic strategy. However, exact mechanistic differences that may distinguish canonical translation from non-AUG translation remain poorly understood.
In the present study, we generated a series of reporters to characterize in detail how canonical translation and non-AUG translation are differentially regulated in human cells. Canonical translation was sensitive to many well-characterized protein synthesis inhibitors, but non-AUG translation was strikingly resistant to cycloheximide (CHX) treatment. This was observed with multiple ORFs and in RAN translation. Using ribosome profiling and polysome analysis to probe endogenous translation patterns, we found that synthesis of the GUG-encoded DAP5 (eIF4G2/p97) protein and the CUG-encoded BAG1 N-terminally extended protein is likewise resistant to CHX. CHX is a well-characterized and potent elongation inhibitor (Ennis and Lubin 1964; Schneider-Poetsch et al. 2010 ), but we found that high doses of CHX do not completely block elongation in human cells. Notably, non-AUG translation becomes sensitive to CHX when PIC formation or scanning is blocked. We thus propose that the observed resistance of non-AUG translation to CHX treatment is caused by a ribosome queuing-based mechanism. Slowly elongating ribosomes induce queuing/stacking of scanning PICs that can become positioned over an otherwise poorly recognized non-AUG start codon, resulting in increased initiation. Consistent with this model, we show that non-AUG translation is also resistant to other elongation inhibitors that are expected to generate ribosome queues over the non-AUG start codon. In total, these data reveal how ribosome queuing enables non-AUG translation events to be resistant to ribosomebinding protein synthesis inhibitors.
Results

Non-AUG translation reporters use the canonical TC for initiation
To characterize how translation from non-AUG start codons is regulated differently from canonical AUG-initiated translation in human cells, we generated a series of nanoLuciferase (nLuc) reporters that have the same 5 ′ leader, C-terminal 3XFlag tag, and polyadenylation signal but a different initiation codon (Fig. 1A, top) . Mutating the nLuc AUG start codon to a near-cognate CUG, GUG, ACG, or AUU codon drastically reduced the nLuc signal to ∼1%-2% of that observed with an AUG start codon in HeLa cells (Fig. 1A, bottom) . Nevertheless, this represents a true nLuc signal, as it was substantially above the level of signal obtained with reporters that (1) begin with AAA or GGG codons that are known to not support initiation (Kearse et al. 2016; Ivanov et al. 2018) or (2) harbor a stop codon immediately downstream from the start codon (e.g., AUG-stop or CUG-stop) (Fig. 1A, bottom) . We confirmed by Western blotting that the single expected nLuc protein product (19 kDa) accumulated in cells (Fig. 1B) and that the steady-state nLuc mRNA levels were largely similar across reporters (Fig. 1C,D) . These results strongly suggest that the differences in nLuc protein levels are primarily due to differences in translation initiation efficiencies.
Similar low levels of non-AUG translation were observed with reporters that generate destabilized nLuc proteins (Supplemental Fig. S1 ), indicating that the long half-life of the canonical nLuc protein does not exaggerate or influence these phenotypes. For example, addition of C-terminal degron motifs decreased the nLuc protein half-life from 24 h (Fig. 2C ) to ∼1 h (nLuc-PEST) or <1 h (nLuc-CL1/PEST) (Supplemental Fig. S1A,B ), but translation from the non-AUG start codons was still ∼1% as efficient as an AUG start codon (Supplemental Fig.  S1C ). In contrast, CUG-and GUG-encoded firefly luciferase (FFLuc) reporters produced multiple protein products, including truncated variants that initiated from internal AUG codons ( Fig. 1E; Supplemental Fig. S2 ). We thus focused most of our subsequent characterization efforts on the well-behaved nLuc reporters.
In the canonical scanning model of eukaryotic translation initiation, the eIF2•GTP•Met-tRNA i Met TC enables methionine to be used as the first amino acid in protein synthesis. However, alternative initiation factors, including eIF2A and eIF2D, have been reported (Komar et al. 2005; Dmitriev et al. 2010) . To test whether the nLuc reporters use the canonical TC for initiation, we treated HeLa cells with the pharmacological inhibitor NSC119893, which impairs TC formation ( Fig. 1F ; Robert et al. 2006) . Both the AUG and non-AUG nLuc reporters were inhibited by NSC119893 to similar extents (Fig.  1G) , unlike a reporter containing the cricket paralysis virus intergenic region internal ribosome entry site (CrPV IRES) that initiates translation in a manner independent of eIFs or Met-tRNA i Met (Wilson et al. 2000; Pestova and Hellen 2003) . This strongly suggests that the canonical Met-tRNA i Met -containing TC is used to initiate non-AUG translation from the nLuc reporters.
Non-AUG translation reporters are resistant to CHX
We next assessed the response of these reporters to treatment with CHX ( Fig. 2A) , which inhibits translation elongation by blocking eEF2-mediated translocation via binding to the E site of the 60S ribosomal subunit (Schneider-Poetsch et al. 2010) . HeLa cells were treated with a standard high dose of CHX (100 µg/mL; 355 µM) (Ennis and Lubin 1964; Warner et al. 1966 ; Schneider- (A) HeLa cells were transfected with nLuc reporters harboring the indicated start codons and a C-terminal 3XFlag tag. Twenty-four hours after transfection, the nLuc luminescence was quantified and normalized to a cotransfected firefly luciferase (FFLuc; pGL4.13) reporter. Signal from the AUG-nLuc reporter (black) was then used to determine the relative expression levels of the other nLuc reporters (gray). The red dashed line indicates expression above the negative control reporters. Data are shown as mean ± SD. n = 3. Signals from the non-AUG-nLuc reporters were compared with the GGG-nLuc negative control using a two-tailed unpaired t-test with Welch's correction. ( * ) P < 0.05. (B) Western blotting (WB) using an anti-Flag antibody was used to examine expression of the nLuc-3XFlag reporters 24 h after transfection. Vinculin was used as a loading control. AUG * denotes that 1/20th of the AUG-nLuc-3XFlag plasmid was transfected to avoid overexposure during film development. (C) Northern blotting was used to examine expression of the nLuc reporter mRNAs 24 h after transfection. 28S ribosomal RNA was used as a loading control. (D) RT-qPCR was used to quantify nLuc reporter mRNA levels 24 h after transfection. mRNA levels were first normalized to the cotransfected FFLuc (pGL4.13) reporter, and AUG-nLuc (black) was then used to determine the relative expression levels of the other nLuc reporters (gray). Data are shown as mean ± SD. n = 3. A two-tailed unpaired t-test with Welch's correction was used. (n.s.) Not significant. (E) HeLa cells were transfected with FFLuc-3XFlag reporters harboring the indicated start codons. Total protein was isolated 24 h after transfection and analyzed using Western blotting. Vinculin was used as a loading control. AUG * denotes that 1/20th of the AUG-FFLuc-3XFlag plasmid was transfected to avoid overexposure during film development. (F) NSC119893 inhibits formation of the canonical TC. (G) HeLa cells were transfected with the destabilized nLuc-3XFlag-CL1/PEST reporters for 24 h and then either collected (control) or treated for 3 h with 200 µM NSC119893. Luminescence signals for each reporter were quantified and set relative to the associated control samples. The CrPV IRES does not require the TC for initiation. Data are shown as mean ± SD. n = 3. Poetsch et al. 2010 ) for 1 or 24 h, and puromycin (PURO) labeling was then used to confirm that global translation was potently inhibited (Fig. 2B) . Upon measuring the responses of the nLuc reporters, a surprising dichotomous effect was observed. Expression of the AUG-nLuc reporter decreased after addition of CHX (Fig. 2C, blue) , consistent with inhibition of new translation coupled to turnover of the pre-existing nLuc protein over time. In stark contrast, translation of the non-AUG nLuc reporters was strikingly resistant to CHX and, in fact, increased over time (Fig. 2C , red and green). Similar increases in nLuc expression were observed regardless of the near-cognate start codon (CUG, GUG, ACG, or AUU) tested in both HeLa and HEK293T cells ( Fig. 2C; Supplemental Fig. S3A ). Moreover, Western Luminescence from the nLuc-3XFlag reporters was measured at the indicated time points after 100 µg/mL CHX treatment. Data for each reporter were set relative to the 0-h time point and are shown as mean ± SD. n = 3. (D) Western blotting using an anti-Flag antibody was used to examine expression of the nLuc3XFlag reporters before and after 24 h of 100 µg/ mL CHX treatment. Vinculin was used as a loading control. AUG * denotes that 1/20th of the AUG-nLuc-3XFlag plasmid was transfected to avoid overexposure during film development. (E) Luminescence from the destabilized nLuc3XFlag-PEST reporters was measured at the indicated time points after CHX treatment. Data for each reporter were set relative to the 0-h time point and are shown as mean ± SD. n = 3. (F ) HeLa cells were pretreated (15 min) with vehicle (Veh.; 0.1% DMSO) or 100 µg/mL CHX followed by transfection of the nLuc-3XFlag reporters. Luminescence was measured after 24 h. (G) Raw luciferase values of nLuc-3XFlag reporters 24 h after transfection. Data are shown as mean ± SD. n = 3. (H) Luminescence signals for each reporter were quantified and set relative to the associated vehicle-treated samples. Data are shown as mean ± SD. n = 3. A two-tailed unpaired t-test with Welch's correction was used. (I) Western blotting was used to examine expression of the FFLuc-3XFlag reporters before and after 24 h of 100 µg/mL CHX treatment. Vinculin was used as a loading control. AUG * denotes that 1/20th of the AUG-FFLuc-3XFlag plasmid was transfected to avoid overexposure during film development. (J) HeLa cells were transfected with expanded (CGG) 100 repeat RAN translation reporters for 24 h and then collected (control) or treated for 24 h with 100 µg/mL CHX. "+1" and "+2" refer to the reading frame of the (CGG) 100 repeat in relation to the nLuc-coding sequence. Luminescence signals for each reporter were quantified and set relative to the associated control samples. Data are shown as mean ± SD. n = 3. blotting confirmed the results from the luminescence assays (Fig. 2D) .
To verify that the observed increases in non-AUG nLuc reporter expression were due to new protein synthesis, we first measured the responses of the destabilized nLuc constructs to CHX treatment. The destabilized nLuc proteins rapidly turn over (Supplemental Fig. S1 ), suggesting that increases in their protein levels likely are due to increases in translation efficiency (TE). Expression of the destabilized AUG-nLuc reporters ( Fig , red and green, respectively) increased over time, including after 3 or 6 h of CHX treatment. These increases in non-AUG translation upon CHX treatment were not due to the preferential accumulation of the non-AUG reporter mRNAs (Supplemental Fig. S3C ) and occurred in a dose-dependent manner, with the largest effects observed upon treatment with 10 or 100 µg/mL CHX in HeLa cells (Supplemental Fig. S3B, D) . A similar dose response was observed in normal human fibroblasts (IMR90), although these cells overall were more sensitive to CHX, and the largest effects were observed with 1 µg/mL CHX (Supplemental Fig. S3E ).
It should be noted that in all experiments described to this point, cells were first transfected with the reporter plasmids for 24 h and then CHX was added. Therefore, to definitively prove that new translation can occur in the presence of CHX, HeLa cells were pretreated with 100 µg/mL CHX and then transfected with the AUGnLuc or GUG-nLuc reporter plasmids (Fig. 2F) . Again, CHX significantly decreased translation of the AUGnLuc reporter (to ∼3% of that observed in vehicle-treated cells), whereas translation of the GUG-nLuc reporter was resistant ( Fig. 2G,H) . In contrast to when CHX was added 24 h after transfection ( Fig. 2A-E) , we found that GUGnLuc expression was steady (not increased) when CHX was already present on the cells (Fig. 2G,H ). This appears to be due to decreased transfection efficiency when CHX is present, as mRNA levels for the nLuc reporters as well as a cotransfected control FFLuc reporter (pGL4.13) were decreased compared with when these reporters were transfected into vehicle-treated cells (Supplemental Fig.  S4 ). It is also important to stress here that the high dose of CHX did not result in a complete block to elongation and that even the AUG-nLuc luminescence signal was orders of magnitude higher than the background signal observed in mock transfected cells (Fig. 2G ). Translation elongation thus still occurs but is greatly slowed by CHX (Hussmann et al. 2015) .
CHX-resistant non-AUG translation was further observed with a different ORF (FFLuc) (Fig. 2I ) as well as with reporters for RAN translation of the CGG repeats in the fragile X mRNA ( Fig. 2J ; Kearse et al. 2016) . These data thus indicate that translation from non-AUG start codons is resistant to CHX in multiple sequence contexts.
Increases in non-AUG translation could be observed within a few hours of CHX addition ( Fig. 2E ; Supplemental Fig. S3B ), but we nevertheless wanted to determine whether this phenotype was due to overall cell dysfunction or a cell death response. Cell viability (Supplemental Fig. S5A ) and metabolism (Supplemental Fig. S5B ) were thus assayed in cells treated with vehicle (0.1% DMSO), 100 µg/mL CHX, 50 µg/mL PURO (a polypeptide chain terminator that inhibits cytoplasmic and mitochondrial translation), or a dilute solution of Triton X-100 (which permeabilizes cell membranes). Vehicle-treated cells doubled after 24 h (consistent with the known HeLa cell cycle length) (Boisvert et al. 2012) , while CHX-treated cells remained attached but not actively proliferating (Supplemental Fig. S5A ). This was in stark contrast to the widespread cell death observed after treatment with PURO or Triton X-100. The metabolic activities of the cells (as determined by their reducing potential) mirrored these trends, with CHX-treated cells retaining ∼80% metabolic activity after 24 h (Supplemental Fig. S5B ). Therefore, even after 24 h of CHX treatment, HeLa cells remained viable and metabolically active, indicating that the observed increases in non-AUG translation are likely not due to widespread cell death responses.
Endogenous non-AUG translation is likewise resistant to CHX
To identify endogenous mRNAs that might be similarly resistant to CHX, HeLa cells were treated with vehicle for 15 min or 100 µg/mL CHX for 15 min or 24 h followed by ribosome profiling and RNA sequencing (RNA-seq) analysis (Fig. 3A) . As CHX stabilizes monosomes and polysomes (Low et al. 2005; Schneider-Poetsch et al. 2010) , we used 15 min of CHX treatment (when cellular translation should be maximally inhibited) (Warner et al. 1966) as the control condition in order to account for these stabilizing effects. More than 1000 mRNAs had sufficient sequencing read coverage in both biological replicates to allow accurate determinations of their TEs (ratio of ribosome footprint RPKM [reads per kilobase per million mapped reads] to RNA-seq RPKM) (Supplemental Fig. S6 ). As expected, compared with cells treated with vehicle or CHX for 15 min, the vast majority (∼85%) of mRNAs exhibited a less than twofold change in TE after prolonged CHX treatment ( Fig. 3B , gray; Supplemental Table S1 ).
Sixty-five mRNAs had a twofold or greater increase in TE after prolonged CHX treatment, including the GUGnLuc reporter ( Fig. 3B , purple; Supplemental Table S1 ). Remarkably, DAP5 (eIF4G2/p97) mRNA ( Fig. 3B, red ; Supplemental Table S1 ), which encodes an N-terminally truncated eIF4G1 homolog and has been shown previously to solely use a GUG start codon (Imataka et al. 1997; Levy-Strumpf et al. 1997; Takahashi et al. 2005) , had nearly the largest increase in TE. More ribosome footprints were detected throughout the DAP5 ORF after prolonged CHX treatment (Fig. 3C ) without substantial changes in mRNA levels as determined by RNA-seq ( Fig. 3D ; Supplemental Fig. S7A ) or RT-qPCR (Supplemental Fig. S7B ). This suggests that the observed increase in TE is not simply due to an accumulation of 80S ribosomes that were inhibited soon after initiation but rather that the DAP5 ORF was being actively translated in a manner that is resistant to CHX. Indeed, DAP5 protein levels increased with prolonged CHX treatment, albeit most noticeably with a lower CHX dose (1 µg/mL) than was used for the ribosome profiling (Fig. 3E) . Interestingly, DAP5 mRNA levels somewhat decreased at this lower CHX dose (Fig. 3F) , confirming that the increase in protein levels is driven primarily by increased translation. We further verified that Supplemental Table S1 . (C,D) Ribosome footprints (C ) and RNA-seq fragments (D) that mapped to the GUG-encoded DAP5 locus in cells that had been treated with CHX for 15 min (blue) or 24 h (red). Raw counts are depicted, and the ribosome footprint and RNA-seq RPKMs (which account for library size and ORF length) of the DAP5-coding sequence are also given for each replicate and time point. (E) Western blotting was used to assess endogenous DAP5 protein levels in HeLa cells before (control) and after 24 h of treatment with 1, 10, or 100 µg/mL CHX. Tubulin was used as a loading control. (F ) RT-qPCR was used to assess endogenous DAP5 mRNA levels before (control) and after 24 h of 1 µg/mL CHX treatment. FH and NPTX1 mRNAs (whose levels did not change during CHX treatment as determined by RNA-seq) were used as dual internal references. Data are shown as mean ± SD. n = 3. A two-tailed unpaired t-test with Welch's correction was used. (G) After 1 or 24 h of treatment with 100 or 1 µg/mL CHX, HeLa cells were subjected to PURO labeling and Western blotting to confirm global translation inhibition. Tubulin was used as a loading control. (H) Western blotting was used to examine expression of the GUG-and AUG-encoded DAP5-3XFlag reporters before and after 24 h of 100 µg/mL CHX treatment. Tubulin was used as a loading control. AUG * denotes that one-fourth of the AUG-DAP5-3XFlag plasmid was transfected to avoid overexposure during film development.
this lower dose of CHX robustly inhibits global translation ( Fig. 3G ; Schneider-Poetsch et al. 2010 ). An increase in DAP5 protein levels was also observed upon prolonged treatment with CHX when we measured translation from a GUG-encoded DAP5-3XFlag expression construct (Fig.  3H ). This increase was dependent on the non-AUG start codon because mutating the GUG start codon to an AUG start codon rendered DAP5-3XFlag expression sensitive to CHX (Fig. 3H) .
As an additional independent approach to verify that DAP5 translation increases upon CHX treatment, we confirmed that endogenous DAP5 mRNA shifted to heavier polysomes on sucrose gradients (Fig. 4A,B) . In general, the polysome profiles showed that the levels of 40S and 60S ribosomal subunits as well as the 80S monosomes were decreased after 24 h of CHX treatment (Fig. 4A) , which may be partially due to turnover of a short-lived rDNA-specific transcription factor (Gokal et al. 1986 ).
Upon examining the other mRNAs besides DAP5 with a greater than or equal to twofold increase in TE upon prolonged CHX treatment (Supplemental Table S1 ), we noted that 23 of the top 30 transcripts encode ribosomal proteins or translation factors (including eEF1G, which had the largest TE increase), all of which are thought to use a canonical AUG start codon. mRNAs encoding ribosomal proteins and translation factors are typically poorly translated (Supplemental Fig. S8A ; Supplemental Table S1 ; Wang et al. 2004; Gismondi et al. 2014; Liu et al. 2014) . We confirmed that the bulk of ribosomal protein mRNAs was not found on actively translating ribosomes in control conditions (15 min of CHX) but instead in the lighter sucrose gradient fractions. This is exemplified by the RPL28 (Fig. 4C ) and RPL30 mRNAs (Fig. 4D) and was true for the other ribosomal protein mRNAs examined (Supplemental Fig. S8B ). Ribosome profiling revealed no substantial change in footprint accumulation across these coding sequences (Supplemental Fig. S9) , and, in fact, significant decreases in their mRNA levels were detected by RNA-seq (Supplemental Figs. S7A, S9 ; Supplemental Table S1) and confirmed by RT-qPCR (Supplemental Fig.  S7B ). By definition, calculation of the TE should account for such changes in mRNA levels, but we reasoned that the TE could become artificially inflated if untranslated mRNAs were degraded preferentially during the prolonged CHX treatment. Indeed, a clear reduction in the amounts of ribosomal protein mRNAs present in the lighter fractions was observed after 24 h of CHX treatment ( Fig. 4C,D; Supplemental Fig. S8B) .
Recent work has revealed that ribosomal protein mRNAs are preferentially degraded when not bound by free 40S ribosomal subunits (Gentilella et al. 2017) . It thus appears that CHX treatment leads to the accumulation of slowly elongating ribosomes (Schneider-Poetsch et al. 2010) , thereby limiting the amount of both subunits entering the free pool and causing decay of these particular mRNAs. As further evidence that the TE of these genes did not truly increase with prolonged CHX treatment, we found that the distribution of these mRNAs in the polysome fractions did not shift toward heavier polysomes (Fig. 4C,D) . Similar patterns were observed for ATF4 mRNA (Fig. 4E) , a well-established poorly translated mRNA that harbors inhibitory upstream and overlapping ORFs in its 5
′ leader (Harding et al. 2000) , as well as for other non-translation-related mRNAs that appeared to have a greater than twofold increased TE by ribosome profiling (Supplemental Fig. S8C ). Together, these data indicate that a number of nontranslated mRNAs are selectively degraded over prolonged CHX treatment, whereas translation of the GUG-encoded DAP5 (eIF4G2/p97) mRNA appears to be truly resistant to CHX (Figs. 3, 4B) .
We then examined translation from other annotated non-AUG start codons, most of which encode uORFs or N-terminal extensions (Touriol et al. 2003; Ivanov et al. 2011 ). This analysis is complicated, as ribosome profiling usually cannot decipher which start codon was used for footprints that map within a coding sequence. Furthermore, because non-AUG start codons are very inefficient (Fig. 1A) , one would predict that most ribosome footprints on an mRNA with a non-AUG N-terminal extension would be derived from the AUG start codon. Nevertheless, it does appear that non-AUG translation from the BAG1 mRNA is also resistant to CHX (Supplemental Fig. S10 ). Translation of BAG1 mRNA, which encodes an antiapoptotic oncoprotein, can initiate at a CUG start codon upstream of at least two AUG start codons (Packham et al. 1997) , and we observed a 2.6-fold increase in TE upon prolonged CHX treatment (Supplemental Fig. S10A,B) . Note that BAG1 is not included in Figure 3B , as it did not meet the stringent coverage thresholds originally used (due to low ribosome footprints in the 15-min vehicle samples). Upon prolonged CHX treatment, increased ribosome footprints were detected across the BAG1-coding sequence (Supplemental Fig. S10A ), with minimal changes in mRNA levels as detected by RNA-seq (Supplemental Fig. S10B ) and confirmed by RT-qPCR (Supplemental Fig.  S10C ). Endogenous BAG1 mRNA was further detected on heavier polysomes upon prolonged CHX treatment, consistent with increased translation (Supplemental Fig.  S10D ). Upon cloning the BAG1 5 ′ untranslated region (UTR) upstream of an nLuc reporter, we observed that the reporter was resistant to CHX when it was translated using the natural BAG1 CUG start codon but was inhibited by CHX when the CUG was mutated to an AUG start codon (Supplemental Fig. S10E ). These results indicate that translation from multiple endogenous non-AUG start codons, including in the DAP5 (eIF4G2/p97) and BAG1 mRNAs, is resistant to CHX.
CHX likely induces ribosome queuing to promote non-AUG translation
How, then, is non-AUG translation specifically resistant to CHX? Initiation at non-AUG start codons has long been known to be influenced by downstream mRNA secondary structures that block scanning PICs and position them optimally over the non-AUG start codon (Kozak 1990 ). This blockage biases the scanning PIC to recognize the nonoptimal start codon, thereby stimulating initiation. Ribosome queuing (or stacking of ribosomes) can likewise increase non-AUG translation when PICs accumulate upstream of a stalled 80S ribosome (Ivanov et al. 2018) . We thus hypothesized that CHX may similarly stimulate formation of a ribosome queue: Once CHX slows a ribosome within the coding sequence, a stalling point for the upstream PICs would be generated (Fig.  5A) . New PICs would continue to be loaded and scan 5 ′ to 3 ′ (as CHX targets only elongating 80S ribosomes) (Schneider-Poetsch et al. 2010; Garreau de Loubresse et al. 2014), usually passing weak non-AUG start codons and ultimately generating a queue/stack of PICs (perhaps with an occasional elongating ribosome also included). This queue/stack could then allow PICs to be positioned over the non-AUG start codon for a longer period of time, allowing for increased initiation. Given that CHX treatment does not cause a complete block to translation elongation ( Fig. 2F-H) , this model predicts that the expression of proteins from non-AUG codons (but not from canonical AUG codons that are efficiently recognized by scanning PICs) should increase in the presence of CHX.
If this inhibitor-induced ribosome queuing model is correct, we reasoned that impairing PIC formation or scanning should block formation of the queue (Ivanov et al. 2018 ) and cause non-AUG translation to now be sensitive to CHX. We thus used three distinct strategies to impair PIC formation or scanning and then tested their respective effects on the non-AUG nLuc reporters. First, we sterically inhibited scanning PICs by inserting a 40-nucleotide (nt) hairpin upstream of the nLuc-coding sequence (Fig. 5B,  top) . In alignment with prior reports that stable secondary structures in 5 ′ leaders limit downstream start codon recognition (Kozak 1989) , insertion of the hairpin reduced the basal translational output of the AUG-nLuc and GUG-nLuc reporters by ∼20 fold and ∼10-fold, respectively (Fig. 5C ), without decreasing steady-state mRNA levels (Fig. 5B, bottom) . Notably, insertion of the hairpin was sufficient to cause the GUG-nLuc reporter to be inhibited by CHX (Fig. 5D ). This is likely because the ribosome queue was generated upstream of the hairpin, not over the non-AUG start codon. Second, we limited PIC formation by disrupting the eIF2•GTP•Met-tRNA i Met TC by treating HeLa cells with NSC119893 (Fig. 1F) . This treatment blocked CHX-resistant translation of the GUG-nLuc reporter (Fig. 5E ), consistent with a requirement for PIC loading for a queue to form. Third, we used the pharmacological inhibitor rocaglamide A (RocA), which inhibits the eIF4A helicase and stalls scanning PICs at AGAGAG-rich motifs ( Fig. 6A ; Iwasaki et al. 2016) . nLuc reporters that lack a (AGAGAG) 7 motif in their 5 ′ leader were unaffected by RocA, as expected (Fig. 6B-D) . In contrast, when the (AGAGAG) 7 motif was present, the GUG-nLuc reporter was inhibited by RocA (Fig. 6D) . Furthermore, in the presence of CHX, RocA significantly decreased the expression of the (AGAGAG) 7 -containing GUG-nLuc reporter (Fig.  6E) , likely by stalling PICs upstream of the non-AUG start codon. These three sets of data thus are all consistent with a model in which CHX generates a ribosome queue that positions PICs and allows for increased initiation at a non-AUG start codon.
Non-AUG translation is also resistant to other elongation inhibitors that are predicted to induce ribosome queuing Last, we hypothesized that other elongation inhibitors that can stall ribosomes within the coding sequence may also generate queues and stimulate non-AUG translation. Anisomycin (ANS), didemnin B (DIDB), and bouvardin (BVD) inhibit different steps of elongation (Supplemental Table S2 ), but each should result in stalled or slowed 80S ribosomes downstream from the start codon (Fig. 7A) . When HeLa cells were treated with these inhibitors at concentrations that robustly inhibited translation of the AUG-nLuc reporter, ANS, DIDB, and BVD each caused increased translation of the GUG-nLuc reporter (Fig. 7C) . In contrast, the early elongation inhibitors homoharringtonine (HHT) and lactimidomycin (LTM) have a high preference to stall 80S ribosomes at the start codon after initiation (Supplemental Table S2 ). This would lead to a PIC queue being generated upstream of the start codon, with no scanning PIC able to access the non-AUG start codon (Fig. 7B) . We thus predicted that no stimulation of the non-AUG start codon itself should be observed. Indeed, HHT and LTM inhibited the AUG-nLuc and GUG-nLuc reporters ( Fig. 7C; Supplemental Fig. S11A,B) . These data thus suggest that any method that slows translation elongation (but does not fully block it) downstream from a non-AUG start codon may be able to generate a PIC/ribosome queue that increases non-AUG translation. In fact, it was shown recently that translation of a non-AUG uORF within the antizyme inhibitor 1 (AZIN1) mRNA is regulated in this manner by a downstream ribosome pause sequence (Ivanov et al. 2018 ).
Discussion
Canonical eukaryotic translation initiates at an AUG start codon, but it is becoming increasingly clear that near-cognate start codons can also be used. Such initiation events are typically not efficient but can (1) provide a layer of translational control when encoding uORFs, (2) be used to generate functional proteins (including DAP5 and proteins with N-terminal extensions), and/or (3) drive human disease progression (for review, see Kearse and Wilusz 2017) . It has further long been known that treating eukaryotic cells with a high dose (100 µg/mL; 355 µM) of the elongation inhibitor CHX robustly blocks cytoplasmic translation ( 
Poetsch et al. 2010).
In the present study, we used highly validated reporters and ribosome profiling to surprisingly demonstrate that non-AUG translation is resistant to high doses of CHX and other elongation inhibitors that robustly inhibit global translation. We further provide multiple lines of evidence that are consistent with a model in which ribosome queuing drives this increase in translation from non-AUG start codons (Fig. 5A ). This study thus reveals a previously unappreciated way in which the efficiency of non-AUG translation can increase in cellular conditions that strongly inhibit global translation. Additionally, this study also provides important new insights into how translation inhibitors can influence ribosome profiling data (Gerashchenko and Gladyshev 2014; Jackson and Standart 2015; Andreev et al. 2017) , revealing that inhibitors can induce PIC queuing to increase non-AUG initiation as well as decrease the amounts of untranslated mRNAs.
In order to study the mechanism of non-AUG translation, it was critical in the present study to first generate and stringently validate new nLuc-based reporters ( Fig.  1A; Supplemental Fig. S1 ). nLuc is ∼100-fold brighter than other luciferase reporters (Hall et al. 2012) , thereby allowing a better signal:noise ratio, which is especially critical when measuring low-efficiency non-AUG translation events. Furthermore, we found that commonly used FFLuc-based non-AUG translation reporters produce multiple polypeptides when expressed in human cells, including at least two truncated versions that initiate from internal AUG codons ( Fig. 1E; Supplemental Fig. S2 ). These truncated FFLuc protein species may or may not directly contribute to the measured luminescence but accumulate to higher levels than the full-length protein (Fig.  1E) . This complicates the analysis of FFLuc protein levels by Western blotting or immunofluorescence as well as the analysis of TEs by ribosome profiling or polysome profiling. In contrast, the nLuc-based reporters had none of these issues.
When the non-AUG nLuc reporters were expressed in human cells, we found that they became more efficiently translated in the presence of a high dose (100 µg/mL) of CHX ( Fig. 2C-E) . Likewise, ribosome profiling and polysome analysis revealed that synthesis of the GUG-encoded DAP5 (eIF4G2/p97) and the CUG-encoded BAG1 proteins are resistant to CHX (Figs. 3, 4A,B ; Supplemental  Fig. S10 ). It had been shown previously that very low concentrations (0.02-0.5 µg/mL) of CHX can stimulate the translation of poorly translated mRNAs (Walden et al. 1981) . At these low levels of inhibition, highly translated mRNAs likely spend more time bound by slowly elongating 80S ribosomes and less time bound by rate-limiting initiation factors, thus allowing poorly translated mRNAs more access to initiation factors (Walden et al. 1981) . However, as the CHX concentration was increased to ≥0.5 µg/mL, these stimulatory effects on poorly translated mRNAs were no longer observed (Walden et al. 1981) , as elongation of these mRNAs should now be more robustly inhibited. If this competition-based model explained the CHX-resistant translation phenotype that is observed in the present study, we would have expected that reducing the TE of a canonically translated mRNA would result in resistance to CHX. However, our experiments strongly ′ leader, which is sensitive to RocA. (C ) RT-qPCR was used to quantify nLuc reporter mRNA levels 24 h after transfection. mRNA levels were first normalized to the cotransfected FFLuc (pGL4.13) reporter. (CAA) 26 5 ′ leader AUG-nLuc (black) was then used to determine the relative expression levels of the other nLuc reporters (gray). Data are shown as mean ± SD. n = 3. A two-tailed unpaired t-test with Welch's correction was used. (D) HeLa cells were transfected with the indicated nLuc-3XFlag reporters and treated with 0.1% DMSO (control) or 0.3 µM RocA for 24 h. Luminescence signals for each reporter were quantified and set relative to the associated control samples. Data are shown as mean ± SD. n = 3. A two-tailed unpaired t-test with Welch's correction was used. (E) HeLa cells were transfected with the indicated nLuc-3XFlag reporters for 24 h and then collected (control) or treated for 24 h with 100 µg/ mL CHX ± 0.3 µM RocA. Luminescence signals for each reporter were quantified and set relative to the associated control samples. Data are shown as mean ± SD. n = 3. A two-tailed unpaired t-test with Welch's correction was used.
indicate that low TE is not sufficient to make a transcript resistant to high doses of CHX.
We instead propose that ribosome queuing is responsible for the increased efficiency of non-AUG translation that is observed upon treatment with high doses of CHX (Fig. 5A) . Consistent with this model, perturbation of PIC formation, loading, or scanning rendered non-AUG translation sensitive to CHX (Figs. 5, 6 ), likely because the queue was no longer able to efficiently form. Moreover, we found that non-AUG translation was resistant to other elongation inhibitors that can stall ribosomes within coding sequences but not those that stall elongation immediately following initiation (Fig. 7) . It thus appears that a number of protein synthesis inhibitors can initiate formation of queues and that the location of the queue is a critical determinant of whether it can drive increased initiation from start codons that are normally poorly used. Notably, a natural form of ribosome queuing has been proposed recently to regulate polyamine synthesis via stimulating translation of an inhibitory uORF (Ivanov et al. 2018) . As with that prior study, we found that PIC queuing can increase translation from non-AUG codons, but it remains possible that queuing can also increase translation from certain AUG codons that are poorly used. We further found that the strength of the elongation block is a key determinant of whether the queue can lead to increased translational output. When the elongation block is too strong, the observed increase in initiation is overshadowed and protein levels decrease. For example, we found that non-AUG translation is inhibited (albeit not as robustly as canonical translation) when elongation is very strongly blocked by the irreversible inhibitor emetine (EME) or high concentrations of ASN or BVD (Supplemental Fig. S11C ).
Beyond regulating polyamine synthesis (Ivanov et al. 2018) , we suggest that ribosome queuing may play a broader role in controlling cellular non-AUG translation events. For example, in Huntington's disease, Gln-tRNA CAG can become depleted due to translation of the expanded CAG repeats within the huntingtin mRNA (Girstmair et al. 2013) . It is tempting to speculate that this may cause a ribosome queue to form on the huntingtin mRNA that drives further initiation of RAN translation (Bañez-Coronel et al. 2015) . Further studies should reveal critical insights into the mechanisms that control natural ribosome queues, especially the cellular signaling pathways (e.g., the inhibitory phosphorylation of eEF2) and molecular trigger events (e.g., depletion of a specific charged tRNA or the presence of ribosome pause sites). It is nevertheless important to keep in mind that such ribosome/PIC queues formed due to elongation blocks may be naturally limited by simultaneous down-regulation of initiation. For example, starvation is known to induce elongation inhibition via phosphorylation of eEF2, but initiation is also limited via down-regulation of mTOR activity (for review, see Sabatini 2017). Such coregulation likely prevents the formation of ribosome queues transcriptome-wide while still allowing the potential for transcript-specific regulation. Future studies characterizing these processes may ultimately allow the development of therapeutics that modulate queues and ultimately inhibit pathogenic non-AUG translation.
Materials and methods
Cell culture
HeLa and HEK293T cells were obtained from American Type Culture Collection and grown at 37°C and 5% CO 2 . HeLa cells were maintained in Dulbecco's modified Eagle's medium (DMEM) containing high glucose (Thermo Fisher Scientific) supplemented with 10% (v/v) fetal bovine serum (FBS), 1% (v/v) nonessential amino acids, and 1% (v/v) penicillin-streptomycin on standard tissue culture-treated dishes. HEK293T cells were maintained in DMEM containing high glucose supplemented with 10% (v/v) FBS and 1% (v/v) penicillin-streptomycin on Cell-BIND-treated dishes (Corning). IMR90 cells were a kind gift from David L. Spector (Cold Spring Harbor Laboratory) and were maintained in DMEM containing high glucose supplemented with 10% (v/v) FBS and 1% (v/v) penicillin-streptomycin on standard tissue culture-treated dishes. Figure 7 . Slowing elongation within coding sequences stimulates non-AUG translation. (A) Multiple translation inhibitors, including CHX, ANS, DIDB, and BVD, that can inhibit elongating ribosomes within the coding sequence are predicted to generate a PIC queue over the non-AUG-start codon. (B) HHT and LTM preferentially inhibit 80S ribosomes shortly after initiation and thus should generate a PIC queue upstream of the non-AUG start codon. (C ) HeLa cells were transfected with the destabilized nLuc-3XFlag-CL1/PEST reporters for 24 h and then collected (control) or treated for 3 h with vehicle (0.1% DMSO) or one of the following protein synthesis inhibitors: 100 µg/mL CHX, 0.5 µg/ mL ANS, 1 µM DIDB, 1 µM BVD, 1 µg/mL HHT, or 5 µM LTM. Luminescence signals for each reporter were quantified and set relative to the associated control samples. Data are shown as mean ± SD. n = 3. A two-tailed unpaired t-test with Welch's correction was used to compare expression levels with the control treatment samples. ( * ) P < 0.01.
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Inhibitors
The following compounds were obtained from Sigma: CHX (100 mg/mL stock in DMSO; C1988), PURO (10 mg/mL stock in water; P9620), ANS (10 mg/mL stock in DMSO; A5862), EME (100 mg/mL stock in water; E2375), and HHT (10 mg/mL stock in DMSO; SML1091). LTM (5 mM stock in DMSO; 506291) was obtained from Millipore. BVD (10 mM stock in DMSO) and DIDB (10 mM in DMSO) were kind gifts from Tin Tin Su (University of Colorado at Boulder) and Malia Potts (St. Jude Children's Research Hospital), respectively. NSC119893 (50 mM stock in DMSO) was obtained from the National Cancer Institute Development Therapeutics Program.
Reporter plasmids pcDNA3.1(+)-based plasmids expressing nLuc with a C-terminal 3XFlag tag were described previously (Kearse et al. 2016 ). The FFLuc expression plasmid was obtained from Promega (pGL4.13). Full sequences of the inserts for all plasmids are in the Supplemental Material.
Reporter assays
HeLa and HEK293T cells were seeded in 96-well plates with 100 µL of medium. After 24 h, cells (∼50% confluency) were transfected with 100 ng of plasmid DNA (50 ng of nLuc plasmid, 50 ng of pGL4.13 [FFLuc]) using Viafect (Promega) at a 2:1 (reagent:DNA) ratio following the manufacturer's protocol. IMR90 cells were seeded in 96-well plates with 100 µL of medium, grown until ∼50% confluent (often 4-5 d), and then transfected using Viafect at a 4:1 ratio. Twenty-four hours after transfection, cells were either lysed in well with 100 µL of Glo lysis buffer (Promega) for 10 min and frozen at −80°C (for the control) or treated with 100 µg/mL CHX (or other inhibitors as described in the figure legends) for the indicated amounts of time before lysis/sample freezing. Luciferase assays were then performed on thawed samples by mixing equal volumes of cell lysate with either ONE-Glo (Promega) for FFLuc or Nano-Glo (Promega) for nLuc in black 96-well plates for 5 min. Luminescence was measured on a GloMax Explorer multimode plate reader (Promega). The cotransfected FFLuc was used as an internal control to confirm protein synthesis inhibition but was not used for normalization except where indicated. In assays using NSC119893, fresh medium with inhibitors was replaced 1.5 h after the initial treatment, as described previously (Robert et al. 2006) .
Western blot analysis
HeLa cells were seeded in 12-well plates with 1.5 mL of medium. After 24 h, cells (∼50% confluency) were transfected with 20 or 450 ng of plasmid (20 ng of AUG-encoded reporters, 450 ng of non-AUG-encoded reporters) using Viafect (Promega) at a 2:1 (reagent:DNA) ratio. Different amounts of AUG-and non-AUG-encoding plasmids were transfected to prevent overexposure of the higher-expressing AUG-encoded reporters. Twenty-four hours after transfection, cells were either lysed in well in 250 µL of RIPA buffer (for the control) or treated with 100 µg/mL CHX for the indicated amount of time before lysis. SDS-PAGE and transfer onto PVDF were performed using NuPAGE reagents according to the manufacturer's protocol. Membranes were blocked with 5% nonfat dry milk for 30 min before incubation in primary antibody (in TBST, 0.02% NaN 3 ) overnight. The following antibodies were used: mouse anti-Flag M2 (1:1000; Sigma, F8104), mouse anti-PURO (1:2000; Millipore, MABE343), mouse antivinculin (1:1000; Sigma, V9131), mouse anti-α-Tubulin (1:1000; Sigma, T6074), and rabbit anti-DAP5 (1:1000; Cell Signaling, 5169). Sheep antimouse IgG/HRP (GE Healthcare, NA931) and donkey antirabbit IgG/HRP (GE Healthcare, NA934) were used at 1:10,000 in TBST.
Northern blot analysis
HeLa cells were seeded in 12-well plates with 1.5 mL of medium. After 24 h, cells (∼50% confluency) were transfected with 500 ng of plasmid (250 ng of nLuc reporter, 250 ng of pGL4.13, which served as a transfection control) using Viafect (Promega) at 2:1 (reagent:DNA). Twenty-four hours after transfection, total RNA was harvested with TRIzol (Thermo Fisher Scientific). Ten micrograms of total RNA was separated on a 1.2% denaturing formaldehyde agarose gel using NorthernMax reagents (Thermo Fisher Scientific). Northern blots were then performed as described previously (Tatomer et al. 2017 ).
PURO labeling
Cells were seeded in 12-well dishes as described above. After 24 h, the medium was replaced with 1.5 mL of fresh medium containing 1 or 100 µg/mL CHX, and cells were incubated for 1 or 24 h before 1.5 µL of 10 mg/mL PURO was added (final concentration of 10 µg/mL). Plates were mixed gently and placed back in the incubator for 10 min. Cells lysates were then prepared and analyzed by Western blot as described above.
Crystal violet cell counting and metabolism assays
HeLa cells were plated in 12-well dishes as described above and grown for 24 h before adding the indicated inhibitors. At the indicated time points, cells were then washed gently with ice-cold PBS, fixed with 100% methanol for 15 min, and subsequently stained with 0.25% (w/v) crystal violet in 70% methanol for 5 min as described previously (Feoktistova et al. 2016 ). For each treatment and time point, four images of three separate wells were collected. Cells were counted in batch using ImageJ. To measure cell metabolism, cells were grown in tissue culture-treated black 96-well plates and analyzed using the realtime MT assay (Promega) following the manufacturer's instructions. The MT assay reagents were added to cells for 3 h before adding inhibitors and recording the initial time point.
Ribosome profiling and RNA-seq HeLa cells were seeded in duplicate for each time point in 10-cm plates with 10 mL of medium. After 24 h, cells (∼50% confluency) were transfected with 5 µg of GUG-nLuc plasmid DNA using Viafect (Promega) at a 2:1 (reagent:DNA) ratio following the manufacturer's protocol. Twenty-four hours later, medium was replaced with fresh medium containing 0.1% DMSO (vehicle) for 15 min or 100 µg/mL CHX for 15 min or 24 h. At each time point, cells were placed on ice, washed with 10 mL of ice-cold PBS with 100 µg/mL CHX, and lysed in plate in 400 µL of cold lysis buffer (20 mM Tris at pH 7.4, 150 mM NaCl, 5 mM MgCl 2 , 1 mM DTT, 1% Triton X-100, 50 µg/mL EME, 25 U/mL Turbo DNase [Thermo Fisher Scientific] ). Cells were then scraped off the plate, transferred to a 1.5-mL tube, and incubated for 5 min on ice. Cell debris was pelleted at 16,000g for 10 min at 4°C. The resulting supernatant was then snap-frozen in liquid nitrogen before storing at −80°C. Ribosome profiling and RNA-seq were performed and analyzed as described previously (Ingolia et al. 2012; Dobin et al. 2013; Jiang et al. 2014; Xiao et al. 2016 ) with minor modifications described in the Supplemental Material.
All ribosome profiling and RNA-seq data sets generated in this study are available for download from Gene Expression Omnibus (GSE125086).
Polysome analysis and RT-qPCR
HeLa cells were seeded in 10-cm plates for 24 h and treated with 100 µg/mL CHX for 15 min or 24 h. Cells were pelleted, lysed, and then layered on top of a linear 10%-50% buffered sucrose gradient followed by centrifugation and fractionation. Full details are in the Supplemental Material.
